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ABSTKACT—- .—-

The transient Lvmprraturc di~LrihuLinn In Lh@

lithium-cooled blanket of a pulHud fuki{,n runctor

haB been calculntcd ufiing ;I finiLiJ-~mll,mi.nL hint-
conduction rnmputcr prn};r;lm. An nuxill.ary program
was uBed 10 prwlict tho roo],lnL Lrmnslenl vu]ocity

in a network of parallvl ;Ind :;vrlrs fluti PIHS.IEI.H
with connLanL drlvlne prc?wwru and vnryinfi ❑al:nul]c

licld. The coolant velocity w;i~ ralrwlntrrl hy n
Rcrrge-Kutta numerical inLcCrdlLtnn oi Lhc cunscrvn-
tlon ●quations.

I%m liLl:ium coolant wan p:lrL of Lhc finiLC!-e]cment
heat-cmwfuction ❑cmh wllll ltw. vrluclLy Lc’rmS ln-

Cluded in thu toLal ❑nlllx. The MMLrlX wns Kolvrd
implicitly nL c,ach tjIIt. HLup fOr Lhc nnd:ll point

temperaLurvu. SIUR flllW W[lfi aHS1lEWf ill LhL’ COOhnC
pEEBageS a:d lh~ Bous%lno:q annlugy wnti ust,d LIJ
ca]culalc turhulc,nt hunt LrnnHfrr when Lhw magnetic
field was I1OL pre~ent.

NOMENC1,ATIIRE--. —--- .

B - magneLic field, Tcula
k - Boltzmann conatanl

n = ion dcn~ity

R = hydraulic rmflun of flw chmmclw

Re = Reyno]dB number, uR/V
T - temperature
u = velocily parallel to centerline

Creek LettmB

6 _ ratio of planm kinetic prcnmure to confining
wgnotic prmmmurc = 2nkT/(Bz/2uo)

AP = total driving prewmrc for lithi- flw
A = ~dy thermal conductivity

PO= 4TX 10-’ Htm

~- edtly dynamic vi~comity
v = kinar tic vimcoeity

IKTROCLICTION

Aeauing that there will be significant advnnceo
in the phymicm of plaema confincgcnt, the potential

for controlled thermonuclear Fumion for cconomlc
powmr production im being amaenmcd. An part of the

werall ●ffort, conceptual but comprehmnBivc

engfnrcrin~ d~,til~n stud Icw h,, ui. !)t.m m,ld,. of :!

number of pla:mw ~.nn! Int::,ivit !;(.11,.mt,s (1-:0) . ‘III(.
map,nvtiru]ly runiint.d I;,:sL!TM LIML h.Ivt. i}urn sull-
Jocttwl to rnfiln~,,.rin~ ,..fnl II,II jOIl I.:111 hu ,.lv.:;!; [[ IL.,j

an riLnmiy Ht;ltt. (]), qu:i%l-%L(.irdy sI;]L1. (~,i, ;Illd
puli4d (3). Ttw lw7LllLwl,i Lj(.;lt modt.]ln~ t,f

nLwlLrrInic/htiill -Lrall:J fur/: +trlll. Lur:l] :I!+ptrlfl nf thu
lh~,rmnl-hydrnu] lr, Lrit iu%-hr(v, dinl: I;lilllkt,t t]l;l L
mlrroundH a rL%IcL Infi dollti.rlllnl/Lritillm pl:l!;ma

[T+]) ● n(14.1 %.V) + “11,: (3.5 Mt~V)] rcpri.w.nls .An

intcl;r{ll pflrt (5,fI) of chc overall Lcchnrr]oRlr:ll- --
aBficwuvont (7) provided :JV Lh(, st. fu!rlnn rt%lcl,!r

ntudlrn. parllcu]nr aLlunlll,n musl ho RivLm lU
all IIrat-lr;lnl;fi.r WpCWLfi 01” pulwd itislOn ron-

Cl,pt.1. AlthouI:lI Lhu results Or !ltvlL-LrflnNf(.r/
hl.ankrt dc~i~n calculatitmt prt,sonlcd hVrL1lll pt,r-
Lirin HpWifjC4111y La the Lnroidal K(.f(.rrncc, “lllv L;,-
Plnch Reactor (RIPR) (4), Lhc9L. r(.:+u]ln arc flcwc,r-

lllly .appl IcLrhlc, With “;LlmC mmflt ic,l Lion, tn nLllL,i.
pulNLvI ~~gnrticJlly-collfinL.d fusion power ronc~,pts.

The blankrt ~truccurc (or “firHL wall”) thnt
directly facet! the hot (10 LO 30 kc.V)l rcuctin},.
plamm ruprowxltH n particulnr]y crucial hLvlL-
LranEfer/thcrmnl-HLrcme problrm, which hos bLwn

treated in drLall clnewhcrc (q). Thin paper
focuecB prinwrily on tlw thcrml/hydraullc rr-
a~nee cf the entire liquid-lithium-cool ecl blanku.L.

The RTPR will operate ae a high-f3 atellcrator (4-)
where the plasma im heated comprcmoionally hy J

mognctic field that dote not penetrate the plmmo
during thm confinement time. The RTPR must npcr-

●te In ● pulmcd mode with thermonuclear burn time

of 0.1 to 0.4 n. Im~rtanL parametcrn aeuociatcd
with tke RTPR pulned pwcr cycle are drown

schematically in Fig. 1. The phynical rclation-
ahip between the planme, blanket, and magnetic
coils im ehwn in Fig. 2. lhc pulacd funion
raActxlr ie compoBcd of a ❑cricn of thet3c . 2-m-
long modulcB arrangd end-to-end. It should bc

-phnmized that the aqpnented blanket ntructure
● arven ae a wgnetic flux concentrator on the lm-

ploaion-heatlnE time ●cole (-1 IJB), and im divldcd
into regions that arc EMO1l enmlRh to ❑inimize

eddy current losmem on the adinbatic compreaflion
time ●cele (-30 ma). The blanket in otherwise
●lectrically ●nd mechanically decouplml from Lhe

magnetic coils and aBmociated electrical circuitry.

Each cylindrical mdule of the ❑cgmcntcd blnnkct
ie divided into 100 ●zlmutlml srctorE ~hown in

mmredetail in Fig. 3. Ear-h acgment rcprcaentH an

llkeV- 12.5 (10), K.
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The burn cyclr puramrLurH dupicLud In FIR. 1 wcr:,
uncd w[lh on~.-d[mrnrilnn:ll (cyllndriral) neulrnnlc
Ca]culnt. tMH lo provide Lhc. Llmr!-space dupvudcrrcc
of the neutron und fymrna-r:ly powr dcnnlLIu:l. FLH-
Urc 4 im n !v’tc-dlmt,nH1nnn] rcprthwmtilLlon of Lhu

ncu Lrollic/llc;: t-tr:JllHft, r cnlrwlnliwnfll motlul and
Tablr ] ~u~riZLiq Lhu kuy par;lmcLcr# uHcrf in Lhc
blankcL heat-.trnnsfi.r cnlculntlnn~. Ilcrnuse of the

pulHcd mngnrLic field%, liquid-llthlum crrolant flow
will a]fJo bL! Liut! drprndrmL during thu plaHmtl burn

and quench HtflgC!L, and thu tlmu rc!.nllltion of the
coolant flw, Lhcrurorc, rcpruncnt:i m cwmntinl
feature of the blnnkut hC:lL-trant4fL.r calculation.

Figure 5 given the liquid-llLhium flow circuit for

the blnnkct crrnriEuratLnn dqictod in Fig. 3. BI!-
cause OE the large prcnnurr drop crcilted by the
mngnetic flrld during Lhc burn, the lithiwm coolnnt
flw virtually crant?rr during this period. 3%c

trmnniant and nLeady-ntutc flow ratcm arc cnlcula-

tcd for each coolanl leg depleted in Fig. 5. ‘fhei

T#BLE I. ParnmcterB umed in Blanket Huat-

Trana[er Cmlculationa

Initial Blanket TcmpcLaturu
Coolant Inlet Temperature
fkJty Cycle

Rime Tim of ComprcHnion Field
Compremlon Field, Flut-top Time
pla~~ Coolin[; TIIZC
Imploninn Ncnting Mnp,netic Field

Maximum Compren~ion Fiald
@ench Flrld

Total Neutron and GLmmm EncrRy
Brcmsmtrahluwg Enurgy
PlatIm9 Internal linurgy, End of Burn

1100 K
1100 K

5a

0.03 ●

0.4 a
2.0 a
0.88 Teala
1 ?eala

4 Teala

87.6 PiJ/m
1.44 UJtm
5.96 W/m

nnt. -dlmcn%ionn] mom(.!lLum ~.q,l:lt Irm,i for L.ach cool-

nnt lPK, sub]ur:t 10 Lho cwldiLiun!i cf mo!.s co,lLln-

ulty ,and prcq:, uro I,nlanr i.. ~rc. Ij:;cd LrI dc..rrrjbo
th~: f]ow trHnslcnl.. 3’!,u flow cqu:lLiOllS ;Irti de-

rlv{ql f(lr n HliKhL]Y difrrrt.nt Rrr.xnulry in Ref.
(1-~) hy urLe d LIII.ro]l(ming slmpliryinp, fi...;ump-
timm: 1. lncomprr~Hiblo fluld, 2. rnn~tnnl
proFurLlc~, 3. ztrn Ol~CLric flv]cf, and L. nr;~luct
of grnvltilLlrmal ror(:c:: and lucnlizrd grwmeLry
Pfr(.rL% nt th[. m:inlroldu. E:ised on .1 lILlllum
mound ~pvod of 4.2 Ir.ml,;, thu rh-lrmLurIHtic lr:,vl,l
timr for a prcS!~urc wmm. LO r~.llch th(. rnd Of 1111.

2-CI ~dulw i~ ..]~ or Lhr LiMl, for the iluid L{)
corer tn rest. ‘Thrrvforc, Lhc flnw Lranqien: Iq
“!I]uw” wJLh r~!p.cl Lo Lhc W;IVU VC-]IM.itY :Ind inLW-

tinl lCrM!; dnmlnntc. The Lr:l;lHIL,llt %ur~r. flow!:,
prr,:iwrc o~cillmtion~, ,nnd 1 Illil!mr f ,unpr~.:i,;ll]ll iLy,

thcrrforc, nr~~ nc~lccl(wl ror purp{,stw Or d!mLt. rmin-

IHH brat Lr:mfifcr in Lhc blnnkct.

Ttw nnndimontilonnl mnmcrrtum rqwullon!i (12) fnr
PIICh tYJO]nnL loR (Flfi. 5) ;lrL. !iOIVL”d numcrlr:llly
hy n Runp,o-thttm lnlcEral inn fnr .1 fii.~cn umg,n(.i l(. -
fipld wavcfnrm tn Eivo the flow velocity. T},(,
prwwrrc dlrf,.rOnLlul, ~,p, n(:rw~s IIw lithium

iIIICt-(MJt]CL mP~f+Ur(!d :IL ir rcforrnrc polll!. OUL:;I!!P

the mn~nctic fiuld (FIK. 5) 1s IIPICI ilxd. In
thin WLLYrflc rlnw rond[tinn within tho •n~noll[.
field la tfucuuplvd from tlw L’xLcrnnl plplnr, nml
nuree tnnkn. The prcHwlrc drop rt,!iwl ring from
flow acrn~s the’fm]rwdmuf!n,.Llr fiL,ld llnl.~ !,;

taken into accounL nnly for the inlr.L and rxlt
lcgn; ldtmlly, the Ihrrtmnnn numln.r is zero for ilit,
Otkr roulJrnL ]qJ,H with flnw pmr;l]l[.] Lo thv ❑u~;-
n[!L]r rlckf.

An imfrortnnL ob]crtlve of Lhc blnnkct dcsl~n In LO

mifliIUi Zc the lithlUm rlOV r.It Li ;111(! plllnplnl: lMIW1-r,

lkl npproxirnat~ limiLH huvu htwr c~tnhliHhcwl rnr
the lithlurn flow. The InWLsr limit corrcgpondfi to
tl~ cn~c where Ltw, flow barely arhlLwrH Wtcndy

Ptatc at the cnd of a 5-s cycle Lime for a Kivcn
flow ~comclry and mn~nctlc field. The uppur llmiL

iH Met by the flow iLbovc which no HlgnificanL lm-
provrmcnt in hlankt!t l:c.mpurnturm occurH i)(wuwsc
the rate of heat trarwifrw ia llmiLcd by COnUUcLiOll

out of the solid (or ~Lngnant liquid) rcglorm.
Parnmt?trlc nturlie~ nhowcd thnt tlIcHe JLmits cnvur
a rnthcr narrow rnnge from 0.0035 m’fs pm nc~mcllL

at AP - 5.1 kPa to 0.0125 m’/m pcr rrrgmnt at 51

kPn . The corrcnpnnding ldcal pumping power pcr
meter of lcnELh varies from 0.9 klic to 30 kWe :It

peak flow for thv 100 sugmuntn in n module. The
blanket will theorcticnlly operate at my inter-

mediate flow providd the tradcofrH in pumping
pwcr, temperature, nnd temperaLurc cycle arc
●ccoptablc.

Tho flm velociticm in the inlet ICE are nfwwn in

FiB. 6 for a range of AP VLLILLCE and thr mngnotic
field timm hietory indlcntod. The hiRh-flow cane
(AP - 51 kPa) wan choaennn a reft!rcncccnHc bc-

cauec it ranulto in the minimum tcmpcraturcn and

thermal eLreae in the blanket. Th,u flow veloci-
tice in the seven 2-wlong coulant lcHti within
the blankcl follow n nlmilur tlmc hlHtOry to Lhat
Bivcn in Fig. 6, but differ in magnitude bccau~e

of diffcrcncea in flow area.

. -. .,
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The nrutrmn and (nt,utrt)ll-in~il(’1,[1) LWMWI ht,.lting
varic~ ncroRs Lhr hlnnki, r !,:.’ tmm. Llwn im nr. !~,r nf

❑agnltudu nnd rnntainm sh,lrp dJGrontln IIiI 1~.H Jt tt,t.
coulunc chiinnvls (lo). Durlnl; lIIL! Lllur!,lolltl[.]tm.lr

burn, the firul WLI1l lnt(’r(\,pL$ I)r.ws[ralllul,;: in-
ergy flux. FiP,. 1. Aftrr L!MI [1.4 !! of lhl,rmlln,wlc-

●r burn, the plnHmii intcrnnl cncr~y is rmovod LJy n

radially nutwurd hviI? flIIw :Ilruoy. h n nL.:lLr:ll-i:nfi

layer to Lhr fIrHL wall (1,?,14). An In;,orlnnt
fpnturc is lhnL this rnlr (If hmt Lr:lnsfvr is ntwr-

ly constant with Lime (J2~. ‘IIN, totiii,Int,rt;y
dcpoHitctl in Lhr blunkthL irwn each of the

three hcnt Inl; mcchnnitmw (llvllLrlml/Kfl~ML~, p]nfism

brcmnstruhlwnl:, nud pla~m~l dump) is tn.mnorizcd in

Tablr 1.

The ljthium crmlant in jnrl!drd In lhr finitu-

e]t-fll ILMWh wiLtl Lhc Limli-dtmpundvnt VU]LKILICS ill

cacll liig KpLJclfjIId. TI:I! VU1OCILS [H l:lkLm to be

UnifOrM in rnctl Coo]:lnt ]rl~ (sluj,. fl,.lw), wiLII hcnt

transfer frum Lhc vail .Jrcurrinfi by mo]ccular coa-

ductirm fn]y in the pres~mc., d mmm:ic fil”]dH or

whun Lhc flow iH l:~minar. h’lwn LIM! rnili!nrlic field

in xrro nnd Lhc flow i:; turbulcnL (Rc ~ 2000), an

eddy crmducllv[ty in used LO cnforcc the laminar
f:rmulntion (fJouHHinuHq :molol;y) (M) on thr wall

heat rk.

The eddy thermal conductivity, A, was found by com-
bining Nnhnrnow and Coh~m’s (l_6j exprcsHion for the

turbulent Prandtl numhur wiLh Spnltlinn’s (1~) “law
of the wall” for the eddy dvnomic visrottity, ~.

Thrmuph thr usc of the Il]auslun (1~-) rvlntinn for
the WILI1 friction, n rcprcscmtntivc value for A
waa found LhaL la bancd on Lhu average vclouity.

Although q and A vary with posit!on in the ~uncral

came. 190]utinnH for the LrmpcrnLurc gr.diOllLG in
pipe flow shw (18) Lhnt A is rcl~ltivcly consLant
for liquid M@Lnl&~ The rrxiHrancc to hont flow iIJ

not found in LIIC lnminar Hublayor or in the burfcr
hyerst aa iLL thu caac with other fluld:{, bUt i~
-re evenly diHtributcd throughout thu cross ~ec-

tion. The drtcrmination of ~ from an inner law or

‘law of tho wall” (I_7) ❑ny hc qucntioncd, aincc the
outer layer, or “law of thr wnkc” appc.trn to bc
mrc applicable. The dcriwinn to ULIr Lht? “law of

the wall” Wnn arbitrary, und wnH influrnrcd by fac-
tore of Convcnicncc nnd cnnHurvaLlnm (Prtdictinu
l-et ILcat-trannfcr ralxri). A
for A la dcmirablc bccaunc the
will probnbly bp damped by the

.
cmLncrvnLlvc value
turbulrnt vddice

~lgnutic flchf. The

l’ht.r~, I* n 20-mm laylw of alurninil ~.lorlrlra] insll-
l;lL[)r huLwl”rn LIKI l)]:lnkl.L :In[l LhI, lmp]IIs inn h~mL-

inn roil (FIK. 3). The. m~l~!nrl cIIil:I roll!; l npt-r:lLL.
nwlr room Lvmprr:itorr, .Ind a Iwlrrow g#p lIIoLKt.~m

Lh~” cIIil and Il,s:ul:lt[]r WIIII III :111 IrJ ];lmin:lr i]l,w of
LhO ilWrL IV:; IWIRIII. I r(MI]:l IIl . For purpmtiw III
Lhlti CLLICLII:II 11111 lilt. kllllld;lr? rOndiLf OIl WLS Sp(,Cl-

fiuii dti II CIIIMI nt 300 K III l;lmlnnr r]l~.

RESLJI.TS---- . . . -

‘ho domains nf hlnnkrt hLml lrmn,if,.r nrr Jdc,llti-
fiod: (1) Lhci lrallsivnL Hlnrl-up pcrid wlIcn LII,!
time-avcrapwl Lt,mpcrnturc. ~lr mull hlflIIkL. L rt,t~ion

approa chum fl Cl) O$LLnnt vn]uc; (.!) thr Htc;ldv-,; lnl,.

rrglmc Whrc Lhr tumpL~rnLurti of u:lch r~iginn o.+cil-

lntc~ ahnut Lhc limu-ilvt,r:l~;(,d vduu. ‘fin, lr;]n-
Ptr!nt aLiLrt up hrginH from inn iIIiLial Lumpl’r.!turu

inat iH dctormlncd by thu dt,;; rrL! of hlonkL, r :11111
:mlant preheating and lastH for 20 tn JO 5-s

pw~r cycles (FlgII. 1 and 5). ‘i’hi!mML scvoru

thermal tranHlv.ntH arc aL the fir~l wall (g).

Figure 7 glvc~ the tlmc dcpcndrnco of Lrmptir;lturc+

in three rcgionn of the blnnkuL during the tr:ln-
elcnL ntart-up period. The coo~anL mixrd-mk,nn

temperature rim durlnE tho NL:lrl up Eradually ilI-
creanc~ from zero tu a -tab]c va]ur afLvr 20 5-H
cyclca. The refcrencc cn~c (AP - 51 klJn) hiIs it

low ❑ixed-mean coolmt trmperaLurr riHr (!nmcimurn
57 K Lo minimum 11 K .nt cnd of thu duty CYCIL.),
which could affrct the pcrfornlnce of thu lntvrmr-
dlatc hritt cxchangcr. The trmfwraturr rimo for

tho lwrr (Al’ = 5.1 kPn) flow iH morr tham adLl-
quntr from thiM viewpoint (maximum -140 K to mini-

mum 117 K at rnd of the duLy cyclLI). FiJ?.urc n

ahowe the typical ntcady-~tatc rinllfll Lcmrt!rnturc
profile through the blanket at Lhr Htart (and rmi)

cf a duty cycle and at the cnd of the PILLWMI dump
when maximum first-all trmpcrnLurrH .Iru rctm.hcd.

Tcmprraturrm nru nlso Riven for Lhc Lawc of thr

lwcr noulant flow (AP - 5.1 kh). An lndirnLiml
of thr axial tcmprraturc variation in Rlvcn In
Fig. 8 hy drpicting the radial tcmpur;tturc profllr :

at both rmdn of thLi blnnkrt. tZxnmlnitLlon of LIIL’IIL- .,

dnd Eimilar trmporaturc plotm luadH Lo thcnc olL-
:

acrvatinna: .

5
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The llrst Ic.lc rt,~lnn oxpcrivnccs Lhu 111RIi L+LL

tempura Lures In th(. hlnnkcL CXCCPL nt thv onrl of

the plnsnm dump &.IIm the firsl wall riww tn
abouL 270 K above thr coolunL inlet LCMpCr~LUrt..

Temperatures gent.rally dccrwnsc wIIII radius

acromk I’IC blnnket with 5(1 lo ]00 K Lwnpi,raturr
oncillJIIioIMJ occurring within the stagnant liquld

reBiOnrL (nO Convcclion LI~#IMILmd).

Thr helium coolnnt In the coiJs nL the outer

dlamrtor nf Lhc blonkcL C:NISU% n large (..l5fJ K)
grodient III Lhr m]urnlna lnwl]n Lor aL Lho oulrr
radiun. but nn ni~nlflcant lwupcraLure diffcrtm-

crn orcur in Lhr bulk of 111(. bl:mkcL.

Tmpcrnturo:; In thu nutcr pnrLlnn nf tho hl.mlkoL
rczmln rLm].lt IvL’ly cOnSLMt thrnu@w}llt LhL! burn aL
-50 K above [hr rufrrcn-o lcmp~,rnture.

The fytwlrHt nxlnl tLmporaLurr dlffvrrmrrn ncrur
in Lhc firRt wall nL Lhc cnd of the plnsrm] dump.

sufmMLY-. . . . -

For thu duty CYCIC COnRidL;rrLf nll blankcL rcgiona

rcuch maximum LrmpornLurc:i at Lhc und r.f the thr!r-
mnuclckar burn. These mnxlmn nrc, rc’spcctivc’ly,
240 K, 160 K, :20 It, and 80 K ahovr Lhu coolnnt in-

let tcmpcrnturu ~or lead, M-6, Iron, omd brmnn-

carbide. The maxlmwrn axial Lwvpcmturc diffrrcnce
in Lhc blankcL i~ 160 K and nccur~ in Lha firHt
wall at thr cnd of tile plawml dump. P:lrammtric

ntudirn thnt vnry kth ?.P nnd LIIU geometry (~izr,
ponition, number) or Lhc liLhium coolant chunncls
w1ll Hhow that borh lncal and nveraRc Lempcrnturc

variation in both Rpncc and time can be mldc lrsm
pronouocmd than thost. computwl for the extrmnc

citac~ ehown in PIs. 8.
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